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shorter-	lived	host	fish	(Salmo trutta or Salmo salar),	we	tested	the	hypotheses	that	a	
longer	duration	of	the	parasitic	phase	increases	fitness-	related	performance	of	mus-
sels	in	their	subsequent	post	parasitic	phase,	and	that	temperature	is	the	main	factor	
governing	 the	 duration	 of	 the	 parasitic	 phase.	We	 collected	 juvenile	mussels	 from	













suggests	 that	 climate	change	may	affect	 the	 sensitive	 relationship	between	endan-
gered	FPMs	and	their	fish	hosts.
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times	 compared	 to	 their	 hosts	 (Ebert,	 1994;	 Gandon	 &	Michalakis,	
2002;	Kaltz	&	Shykoff,	1998).	 In	 addition	 to	 these	 circumstances,	 a	
narrow	host	range	and	larger	migration	rates	would	most	likely	result	





parasites.	The	 unionoid	 freshwater	 pearl	mussel	 (FPM;	Margaritifera 
margaritifera)	is	one	example	of	a	long-	lived	specialist	parasite,	reach-
ing	 ages	 of	more	 than	 200	years	 in	 its	 northern	 distribution	 range.	














by	 their	 release	 into	 the	 natural	 habitat	 (Bolland,	 Bracken,	 Martin,	
&	 Lucas,	 2010;	Gum,	 Lange,	&	Geist,	 2011;	Hastie	&	Young,	 2003;	
Preston,	Keys,	&	Roberts,	2007;	Schmidt	&	Vandrè,	2010;	Ziuganov,	
Zotin,	Nezlin,	&	Tretiakov,	1994).	Rearing	programs	for	the	FPM	have	
been	 put	 in	 place	 in	Austria,	 Belgium,	 the	 Czech	 Republic,	 Finland,	








The	 complex	 life	 cycle	 of	 FPM	 comprises	 a	 short-	lived	 drifting	
stage	(infective	glochidia),	followed	by	an	obligate	parasitic	stage	on	
salmonids	and	a	benthic	stage	during	which	juvenile	mussels	remain	









Wächtler,	 Dreher-	Mansur,	 &	 Richter,	 2001),	 are	 released	 by	 gravid	
mothers	and	have	to	attach	to	the	gills	of	a	suitable	fish	host,	where	
they	become	encysted	and	metamorphose	(Araujo,	Cámara,	&	Ramos,	
2002;	 Arey,	 1921,	 1932a,	 1932b;	 Dodd,	 Barnhart,	 Rogers-	Lowery,	
Fobian,	&	Dimock,	2005;	Geist,	2010;	Kat,	1984;	Larsen,	2005;	Nezlin	
et	al.,	 1994;	 Taeubert,	 Gum,	 &	 Geist,	 2013;	 Taeubert	 et	al.,	 2010;	
Young	&	Williams,	1984).	This	release	of	glochidia	has	been	reported	
to	be	a	highly	synchronous	event	with	all	gravid	specimens	from	each	

















post-	release	 and	 in	 natural	 conditions	 glochidia	 only	 remain	 in	 sus-
pension	 for	a	 short	period	of	time	during	which	 they	have	 to	 infest	
their	host.
In	 European	 FPM,	 glochidia	 can	 successfully	 metamorphose	
only	 on	 the	 gills	 of	Atlantic	 salmon	 (Salmo salar),	 sea	 trout	 (S. trutta 




are	present	 in	 the	same	rivers	 (Ieshko	et	al.,	2016;	Karlsson,	Larsen,	
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The	 length	of	 the	excystment	period	 (which	starts	with	 the	first	
and	ends	with	the	last	juvenile	mussel	dropping	off	its	host)	is	highly	
variable	(Eybe	et	al.,	2014;	Taeubert	et	al.,	2013;	Ziuganov	et	al.,	1994)	
and	 periods	 lasting	 from	 seven	 days	 (Bauer,	 1979)	 up	 to	 148	days	
(Taeubert	et	al.,	2013)	have	been	reported.	We	have	observed	excyst-
ment	periods	 from	40	days	up	 to	60	days	 for	Norwegian	FPM.	The	
extended	 excystment	 period	 in	 juvenile	mussels	 is	 surprising	when	



















size	 and	 growth	during	 the	parasitic	 phase,	 but	 also	with	 beneficial	
effects	on	subsequent	survival	and	growth	in	the	post	parasitic	phase.	
In	addition,	we	hypothesized	that	temperature	has	a	strong	positive	
effect	 on	 excystment	 rates.	 By	 collecting	 results	 from	 several	 FPM	
populations,	we	would	be	able	to	verify	whether	our	hypothesis	would	
hold	true	as	a	general	trend	observed	in	the	FPM	life	cycle.
2  | MATERIALS AND METHODS
In	 order	 to	 test	 our	 hypotheses,	we	used	both	naturally	 and	 artifi-
cially	 infested	 fish	 (S. trutta f. fario and S. salar).	 Naturally	 infested	
fish	were	collected	 from	seven	 rivers	 (Table	1)	 in	 southern	Norway	
by	 electro-	fishing.	 The	 artificial	 infestations	were	 performed	 in	 the	
river	Haukåsvassdraget,	where	30	gravid	mussels	and	100	young	of	
the	year	farmed	trout	were	kept	in	a	holding	tank	and	natural	infes-
tation	was	 allowed	 to	 take	place.	 In	 this	 case,	 all	 glochidial	 release	
was	 synchronous	 occurring	 within	 2	days.	 All	 infested	 fish,	 natu-





of	6.6	 and	 alkalinity	 of	 0.108	mmol/L.	Concentrations	of	 aluminum,	
iron,	 calcium,	magnesium	and	nitrate	were	as	 follows:	Al—180	μg/L;	





Infested	fish	were	 transferred	 and	maintained	 in	 juvenile	mussel	
collecting	chambers	until	the	end	of	the	excystment	period,	following	
the	methodology	 originally	 described	 by	Hruska	 (1999).	All	 infested	
fish	 from	a	 single	FPM	population	were	kept	 in	one	 juvenile	mussel	
collecting	chamber.	The	200	μm	collection	sieves	were	inspected	daily	
to	 check	 for	 the	 presence	 of	 excysted	 juvenile	 mussels	 (Figure	1).	
Once	 the	 excystment	 of	 mussels	 began,	 the	 collection	 sieves	were	























Haukåsvassdraget Salmo trutta f. fario 55 Artificial 353
Hopselva Salmo trutta f. fario 25 Natural 323
Lerangsbekken Salmo trutta f. fario 10 Natural 241
Ereviksbekken Salmo trutta f. fario 31 Natural 237
Steinslandselva Salmo salar 49 Natural 376
Oselva Salmo salar 30 Natural 630
Fossa Salmo trutta f. fario 22 Natural 230






















for	 juvenile	mussels	 that	excysted	 late,	we	measured	the	size	at	ex-





ocular	 micrometer	 in	 a	 dissecting	 microscope.	 All	 juvenile	 mussels	
were	measured	 on	 the	 day	 of	 excystment.	 To	 compare	 the	 growth	
rates	of	early	and	late	excysters,	juvenile	mussels	were	measured	be-
tween	two	time	points	(using	the	excystment	time	point	as	reference)	














































fect	 on	 growth	 rate	 (LME:	 F1,128	=	5.54,	 p-	value	=	.02,	 Figure	2).	
However,	the	variability	over	time	on	gills	was	large	and	there	were	












The	 generalized	 linear	mixed	 effect	model	 used	 to	 examine	 the	






There	was	 a	positive	 relationship	between	 temperature	 and	 the	
number	of	mussels	that	excysted	(GLMM:	df	=	152,	t-	value	=	6.05,	p-	
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4  | DISCUSSION





























observation	 that	 juvenile	mussel	 survival	during	 the	first	winter	de-
pends	on	the	mussels	attaining	a	critical	shell	length	of	1	mm	in	order	
to	survive	it	(Gum	et	al.,	2011;	Lange	&	Selheim,	2011).




suitable	 fish	 strain	 had	 higher	 infestation	 rates	 as	 well	 as	 highest	
glochidial	growth	rates.	They	also	observed	that	glochidial	sizes	were	
highly	 different	 among	 individuals	 of	 the	 same	 host	 species/strain.	
They	suggested	that	this	was	due	to	the	differences	in	compatibility	
between	the	parasite	and	host.	Parasite–host	compatibility	will	influ-




















homozygous	fish.	Thus	 it	 is	very	 likely	 that	 the	success	of	glochidial	
encystment,	and	therefore	growth	and	development,	depends	on	the	
MHC	variability	of	the	fish	hosts.
Other	 factors	could	also	 influence	 the	availability	of	nutrition	 to	
the	 developing	 glochidia	 (Taeubert	 et	al.,	 2013).	 For	 example,	 the	
position	of	the	cyst	on	the	gills	of	the	host	fish	might	be	 important.	
Glochidia	 encysted	 on	 the	 gill	 rakers	 could	 have	 different	 nutrition	
available	compared	to	those	on	the	gill	filaments.	 In	turn,	 this	could	
influence	developmental	speed	(Taeubert	et	al.,	2013).
The	 lower	survival	we	observed	 in	 juvenile	mussels	with	a	short	





















With	 the	 development	 and	 growth	 of	 FPM	 being	 dependent	 on	



















Some	 mussel	 populations	 have	 prolonged	 excystment	 periods.	
This	could	be	advantageous,	as	it	allows	for	the	dispersal	of	juvenile	
mussels	over	a	larger	river	area	through	host	migration	(Taeubert	et	al.,	
2013;	Watters	&	O’Dee,	 1999).	A	 good	 location	 in	 the	 river	would	
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